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ABSTRACT

Measurements on low-loss materials using closed and open cavity resonators, and dielectric
resonator methods are presented. Results indicate that consistent measurement results can
be obtained with a number of well-characterized fixtures. Uncertainties associated with each
method are addressed. Measurements also were performed on materials used in previous in-

tercomparisons.

1 INTRODUCTION

goal of this paper is to present measurements on a large num-
ber of commonly used low-loss materials using a number of tech-
niques. Good overviews describing the techniques and fixtures are
found in [1-13]. We also compare and contrast measurements on the
same materials using different measurement fixtures. Since each fixture
operates over a frequency range, not all materials were measured at the
same frequency or on all fixtures. The materials tested were ceramics,
plastics, glasses, and single crystals. The intercomparison of techniques,
we believe, will be very useful for reference material characterization.

When an electric field £ is applied to a material, the aggregate of in-
duced or permanent dipoles produces a net polarization in the material.
The polarization is related to the displacement field by D = ey E + P
where P is the polarization field density. Low-loss materials usually
have little permanent dipole moment; however, they may possess ap-
preciable induced dipole moment. Relaxation in ceramics usually re-
sults from ionic polarization, and very high permittivities can be ob-
tained. Ionicinduced polarization occurs when cations and anions in the
lattice are displaced in response to the field. This displacement produces
an induced dipole moment. In most polycrystalline low-loss ceramics
the presence of defects which contain free radicals, produce loss. Most
polymers consist of very long nonpolar molecules which have minimal
dielectric response and therefore low permittivity. Loss in most plastic-
like polymers results primarily from defects.

The measurement of the response of a material to an applied static or
dynamic electric field allows the determination of the electric suscepti-
bility. In weak fields, the response is linear, but in strong fields it may be-
come nonlinear. Dielectric properties depend on frequency, homogene-

ity, anisotropy, temperature, and, in the case of ferroelectrics, applied de
bias field. A very readable overview to relaxation theory is the volumes
by Von Hippel [4].

Field orientation is important for measurements of anisotropic ma-
terials, for example, in some single crystals. Measurement fixtures
where the electric field is tangential to the air-material interfaces, such as
with T'Fj cavities and dielectric resonators operated in the 7" Ep mode
structure, generally yield more accurate results than fixtures where the
fields have a component normal to the interface. In many applications,
however, it is not always possible or preferable to measure with in-
plane field orientations. For example, circuit boards and printed-wiring
boards operate with the electric field primarily normal to the plane of
the conductors, and therefore this component of the permittivity is of
paramount interest. However, measurements with the electric field nor-
mal to the sample face may suffer from air-gap depolarization. In such
cases air-gap effects must be either accepted, be corrected for by numer-
ical techniques, or mitigated by metalization. The techniques we use to
mitigate air-gap effects are summarized in [3, 12]. The characterization
of uniaxially anisotropic materials generally requires two-techniques,
two modes, or two samples, one for normal permittivity and one for
in-plane permittivity components. The reentrant cavity can measure
three tensor components of permittivity by use of three orthogonal axis-
oriented samples. Dielectric resonators and cavity resonators measure
the permittivity in the plane of the sample and therefore cannot deter-
mine any anisotropy in this plane. Dielectric rod resonators and cavities
can use two different modes which have different electric field orienta-
tions to measure two orthogonal permittivity tensor components of a
single sample.

Resonant methods provide high-measurement accuracy for low-loss
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materials at microwave frequencies. Measurement inaccuracies for res-
onant systems are a result of air gaps between sample and metallic parts,
wall Josses, computational inaccuracies, and dimensional uncertainties
of sample and fixture. To keep analytical solutions simple, standard ge-
ometries, such as cylindrical, spherical, or rectangular coordinates, are
used where coordinate separation is possible. The solution for the per-
mittivity usually results in a transcendental equation or determinant
condition which yields the complex permittivity, given resonant fre-
quency and quality factor.

The material under test is assumed to have a permittivity
e =€, — jello = cico )
where ¢, is the permittivity of vacuum and € is the complex permit-
tivity relative to eo. In cavities and dielectric resonators the real part
of the permittivity is determined from the resonant frequency through
solution of a transcendental equation.

The loss tangent is determined from the quality factor measurement.
The model used for loss determination includes the effects of fields both
internal and external to the sample. A good review for the theory of loss
determination is given by Cooke [13].

To aid in understanding the types of loss encountered in a resonant
measurement, we overview here the background of loss determination.

The cavity quality factor has the following form
1 1 1

Sl Y 2

Q0. ?
where @), and (), are the sample and parasitic quality factors. The par-
asitic quality factor contains all losses except those of the sample. The

sample loss is contained in @) where
1

é" = Pes tan d; ®3)

8

where ¢” /¢’ = tan d, is the loss tangent of the sample. The rest of the
& p

loss is in ), and includes radiation, wall and coupling losses
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Q. is radiation loss, tan §, is loss due to dielectrics other than from

the sample, and R; is the surface resistance of metal walls. The filling

factor in (3 and 4) is

We; _ fV €1|El2dv )

Wi th ¢|E2dv

where ¢ = s, d indicates sample or other dielectrics in the resonator.

Wes is the energy stored in the sample, W4 is the energy stored in

any dielectric support structure, and Wy = Wes + Weq is the total

stored energy. The geometric factor in (4) is related to conductor loss

and is defined as

Pei =

_ ol APV

[ [H:2ds
Evaluation of conductor losses usually requires rigorous numerical
computation. In addition, the surface resistance of the metal shields

must be well-characterized at the frequency and temperature of the mea-
surement.

®)

In almost all dielectric measurement techniques it is very important
to have very accurately machined samples. We have a machinist con-
struct the samples with strict dimensional tolerances. We also measure
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the dimensions of the finished samples to £3x10~5 m using the av-
erage of many measurements over the surface of the sample using a
digital-readout dimensional probe. In cases where air gaps are impor-
tant we try to mitigate the effects by metalization.

In this paper we present measurements on thin materials, but not thin
films. The split-post resonator has been used for free-standing films by
layering film on top of film to achieve a reasonable thickness.

2 RESONANT METHODS FOR
LOW-LOSS MATERIALS

Resonant methods are the most accurate for obtaining permittivity
of low-loss materials. The term ‘low loss as used in this paper refers to
materials where tan § < 0.005. Medium loss refers to materials with
0.005 € tand < 0.1. There are limitations on the frequencies and
loss characteristics of the materials that can be measured with resonant
techniques. The frequencies of measurement are practically limited to
the high-megahertz to gigahertz regions. Cavities operate with modes
that resonate between metallic walls and therefore wall loss corrections
must be made for these techniques [1]. Dielectric resonators operate
with modes that resonate within the sample. Therefore dielectric res-
onator techniques have minimal metallic losses. Dielectric resonators
allow measurements at lower frequencies than cavities since the wave-
length in the material is much less than in air. The question of how thin
a material can be measured by a fixture depends on the measurement
technique and machining tolerances of the sample. The primary uncer-
tainty in a thin material measurement relates to the uncertainty in the
sample thickness. In most of the resonant techniques the uncertainty
in permittivity is of order AL/ L. In order to obtain an accurate mea-
surement, there must be enough material to yield an adequate frequency
shift. In this paper we present results from 7"Fy; 50 and 60 mm cav-
ity resonators, whispering gallery resonators, reentrant cavity, dielectric
post, split-cavity, and split-post dielectric resonators.

T'Eyy cavity resonators provide reasonably accurate measurements
of low-medium-loss materials. A range of frequencies can be measured
by use of a number of 7" E1,, modes or by changing cavity length. We
use 50 and 60 mm mode-filtered cavities as shown in Figure 1 [1]. Sam-
ples are cylindrical in shape with the diameter the same as the cavity
and typically 1 to 2 cm in height. The helical windings on the walls of
the cavity allow only azimuthal current flow and thereby attenuate un-
wanted modes. The measurement frequencies center around 10 GHz.
Tuning can be achieved over a 2 to 3 GHz range by moving the end plate.
A typical quality factor for this type of cavity is 50000. Loss determi-
nation is limited by wall losses. As a result, cavity resonators are less
accurate for loss measurements than dielectric resonators.

Thin materials, that is, materials < 2 mm thick, can be measured
nondestructively using a split 7 Fo1, cavity resonator (see Figure 2).
The technique allows measurement at X-band frequencies for low-to-
medium loss materials. This type of resonator has the electric field ori-
ented parallel to the sample plane. The thin material is placed between
the sections of the cavity and a resonant mode is excited. These res-
onators can be constructed of various sizes to allow operation at fre-
quencies from 1 to 50 GHz. Typical quality factors are in the 5000 to
8000 range. Uncertainties in permittivity in split-cavity resonators are
primarily influenced by sample thickness.
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Figure 1. T'Eo1 mode-filtered cavity resonator

The split-post T"Ey dielectric resonator as shown in Figure 3 is an-
other technique for measurement of thin materials [14-16]. A thin ma-
terial or film is inserted between the posts of the resonator. The system
is then excited in the T"Fiy15 mode and a resonance of the combined
post-air-matetial system is obtained (see Figure 3).

In this method the electric field is tangential to the plane of the sam-
ple. Numerical methods are used to analyze these measured data. A
useful feature of split-post resonators is that they can be practically
designed to operate at lower frequencies than T'Eo; cavities. Free-
standing polymer films can be measured using the split-post resonator
technique by layering the sample until the uncertainty in thickness
{AL/L) corresponds to the requirements of the dielectric measure-
ment.

Parallel-plate dielectric resonators as shown in Figure 4 have been
used to measure low-loss dielectric and magnetic samples [17-21]. For
dielectric measurements, the sample is in the form of a cylinder and res-
onates in the 7" [%p1 1 mode. This mode propagates in the sample, but is
evanescent outside the sample. Therefore, a large amount of electrical
energy can be stored in high-Q dielectric resonators. A hybrid mode also
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can be used to determine permittivity in the axial direction. Parallel-
plate dielectric resonators can be used for magnetic measurements on .
thin rods surrounded by dielectric sleeves. The dielectric sleeves allow
resonance at varying frequencies. Sleeves of various sizes and permit-
tivity allow measurements from 1 to 20 GHz.

Many applications require an accurate radio-frequency measurement
of the component of permittivity normal to the face of the material. Ap-
plications include measurements of circuit boards and printed-wiring
boards used in computers that operate in the low megahertz region. This
type of field configuration is obtainable by capacitive-type structures;
however, at radio frequencies generally capacitive measurement tech-
niques are not applicable. The reentrant cavity as indicated in Figure 5
can accurately measure materials at frequencies from 100 MHz to 2 GHz
in a modified capacitor format [26-31]. An overview of the full-mode
theory and measurement for the reentrant cavity is given in [31].
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Table 1. Dielectric measurement techniques compared. The parasitic quality factor is @, the filling factor is p. . The parasitic quality factor contains effects

from all losses except those of the sample.

Technique f GHz er. | AirGap Qp Pe tand
TEq; Cavity 5-50 | 1-500 | N 10*—10°  [0.001-0.3|107°—10"2
Reentrant 0.1-2 | 1-50 Y 1x10%—4x10% | 0.1-1 [107%-1071
Split post 1-10 [1-1000| N |0.5x10*—4x10*| 0.01-0.3 |1075—10"7
Split cavity 5—-50 | 1-500 | N | 2x10*-5x10* |0.001—0.1|107%—1072
TEo; Dielectric Resonator | 5-50 | 2—10° | N | 1x10%-2x10% | 0.9-1 |1075-1072
TEy,s Dielectric Resonator | 1-50 | 2—10% | N | 2x10*~5x10° | 0.9-1 [107°-1073
Whispering-Gallery Mode | 5—200 |10—10°| N 10° 0.9-1 |[107%-1073
Fabry-Perot 20-200| 2-100 | N 10° 0.1 10-°-10"?

Table 2. Glass Samples. The RSS are as follows: parallel-plate dielectric resonator: Uyr = £0.5%, Usans = +2x1075, splitcavity: Uer = £1%,
Usans = £1x107%, TEoy cavity resonator: Uy = £1%, Usans = F1x10~*, Fabry-Perot resonator: Uyr = 2%, Usans = 21074, reentrant

cavity: U,s = %1%, Uan 5 = £2x10™%, Frequency f in GHz.

Material | Parameter | Parallel Plate | Split Cavity | 60 mm TEo; | Fabry Perot | Reentrant Cavity
Corning 7980  f 5.07 8.86 9.64 60
(batch e’ 3.848 3.792 3.826 3.858
34604) tand | 6.85x107° |4.91x107%| 1.4x107* [1.70x10~*
Corning 7980 f 5.07 8.86 9.63 58.7
(batch ¢ 3.844 3.796 3.826 3.843
34605) tang | 6.8x107° |1.48x107%| 1.4x10™% |5.45x10™4
Corning 7980 ! 5.26 8.86 9.64 58.7
(batch e 3.844 3.799 3.826 3.832
34606) tand | 6.90x107° |1.80%107%| 1.3x10~* [4.07x107*
Corning 7940 f 4.89 8.86 9.64 59.9
(batch e 3.847 3.808 3.826 3.781
44608) tand | 6.83x107° |1.77x107*| 1.4x10~* |5.09x10~*
Corning 1723 f 9 1
H. Bussey e 6.20 6.21
(1959) tand | 5.36x1072 3.2x10~2
13
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Figure 5. Re-entrant cavity

The re-entrant cavity consists of a coaxial line or other transmission
line with a gap between electrodes where a sample is positioned. The
cavity is then resonated and the capacitance of the gap produces a fre-
quency shift with respect to an air measurement. Air-gap effects can
be substantially reduced in these types of techniques by metalizing the
faces of the sample that are in contact with the electrodes.

Low-loss dielectric materials can be measured in the microwave re-
gion by use of surface electromagnetic waves as shown in Figure 6 [9,
32-37]. In these techniques, usually the sample is supported from the
bottom center with a dielectric rod, since the surface wave modes do
not penetrate appreciably into the sample. Measurements using surface

Figure 6. Whispering gallery mode resonator. The sample is in form of
a disk.

waves on low-loss materials are attractive since conductor loss can be
made very small. Whispering gallery modes have been used for both
real permittivity and loss tangent measurements. These modes have
high-order azimuthal wave numbers and propagate on concave surfaces
where the waves are confined to the air-dielectric interface. These waves
attenuate very rapidly with increasing depth in the material; therefore,
only a thin surface layer of the sample is involved in the measurement.
This is in contrast to the dielectric-post resonator where the waves pen-
etrate the entire sample. Dielectric Joss can be measured with high ac-
curacy using the whispering gallery mode technique.

Open resonators have been used for measuring low-loss materials in
the millimeter range as shown in Figure 7 [38-42]. Open resonators,
such as the Fabry-Perot resonators, consist of two separated mirrors
with a coupling aperture on one of the mirrors. In the confocal setup
both mirrors are concave, whereas in the semi-confocal arrangement one
of the mirrors is flat and the other is concave. The concave feature of
the mirror minimizes radiation leakage from the open sides of the res-
onator and focuses the beam onto a smaller area of the sample under test,
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Table 3. Plastic Samples. The RSS are as follows: parallel-plate dielectric

resonator: U, = +0.5%, Urans = £2x107°, TEqs cavity resonator:
Us = £1%, Usans = F1x107*, reentrant cavity: U, = +2%,
Usans = £2x107*

Material | Parameter | Parallel Plate | 60 mm TEq, |Reentrant Cavity
| FEP f 6.59 9.837
& 2.064 2.025
tané | 7.04x10~% | 3.1x107%
PTFE f 9.93 9.816 1.082
& 2.05 2.055 2.06
tand | 2.0x10~% | 2.1x107¢ 3.x107%
CPS f 5.7 9.982 1.032
e 2.542 2.533 2.56
tand | 5.1x107% | 4.2x107% 7x10~*
Nylon f 4.75 9.742
e 3.08 3.01
tand | 8.4x107% | 7.1x1073
PMMA f 5.721 9.813
e 2.634 2.626
tand | 7.2x107°% | 4.4x1072

thereby minimizing sample edge diffraction effects. These resonators
are similar to interferometers used in optical devices. Fabry-Perot res-
onators have large quality factors and are useful for measurements on
thin, low-loss materials. The tensor permittivity values can be obtained
by measuring at different angles of incidence. The metal mirrors limits
the accuracy of the loss measurement.

A summary of the characteristics of the various measurement tech-
niques used in this paper are given in Table 1.

3 MEASUREMENTS,
UNCERTAINTIES, AND
DISCUSSION

In Tables 2 through 6 we present measurement results on a broad
spectrum of materials using various fixtures and measurement frequen-
cies Unless referenced these measurements are new and not previously
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published. All measurements were performed at 22°C + 2°C. The
measurements are classified under glasses, plastics, single crystals, and
ceramics. Not all materials were measured by all fixtures. The frequen-
cies of the measurements were determined by the resonance character-
istics of each fixture.

In most cases the uncertainties, denoted U;, were calculated by the
root sum-of-squares technique (rSS). In order to use the RSS method a
set of independent uncertainties must be identified. These uncertainties
include sample thickness and radial dimension, resonant frequency and
quality factor, cavity dimensions, and coupling effects. For example, the
uncertainty in the permittivity can be estimated from sample thickness
h, radial dimension a, cavity length L, and resonant frequency £, by

Ad = [(§ran)? + (AL + (% Aa)?
1/2
P AL+ (gary]”

If the independent sources of uncertainty correspond to one stan-
dard deviation then the uncertainty in permittivity also will correspond
to one standard deviation. The uncertainty in loss tangent was calcu-
lated by the RSS technique by taking partial derivatives of loss tangent
with respect to independent variables. For each measurement method
the appropriate partial derivatives with respect to independent vari-
ables were calculated, either numerically or analytically, and then used
to form standard uncertainties. In the case of the reentrant cavity the
uncertainties were calculated by comparison to measurements of previ-
ously developed reference materials.

7)

The glasses in Table 2 were primarily fused silica with the exception
of 1723 glass. The 1723 glass has been in our laboratory since the early
1960’s. It has been used in two previous international comparisons [43].
We see in Table 6 that round robin tests performed in 1964 and 1972
yield similar measurement results when compared to current results.
The 1964 fused-silica results in Table 6 also have not changed signifi-
cantly over time.

The plastics in Table 2 include crosslinked polystyrene (CPS), poly-
tetrafluoroethylene (PTFE), fluoroethylenepropylene (FEP), nylon, and
polymethylmethacrylate (PMMa). The FEP does not have the thermal
expansion phase change occurring near room temperature as does com-
mon PTFE. Some of the single-crystal materials in Table 2 are isotropic;
others are uniaxially anisotropic. The anisotropic single-crystal materi-
als were measured along two axes whenever possible.

In Table 5, the permittivity of a wide variety of low-loss ceramics is
displayed. We measured two samples of alumina which have a much
different loss. The loss tangent of low-loss ceramics generally increases
linearly with frequency.
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Table 4. Single Crystals. The RSS are as follows: parallel-plate dielectric resonator: Uy = 40.5%, Upans = £:2%107°, whispering gallery mode
resonator: U,r = £0.1%, Upans = £2x1075. Anisotropic materials were measured either by two dominant modes (TEo111 and HE111) using the
parallel plate rod resonator or two families of whispering gallery modes.

Material Parallel plate Whispering gallery
f,GHz| ¢ tand |f,GHz| & tan o
Quartz jc-axis 9.03 | 4.443| 1.3x107°
Quartz Lc-axis 7.75 | 4.59 | 1.3x107°
LaAlO; (cubic) 18.38 (23.99 | 1.0x107°
NdGaO; (cubic) 18.49 |21.82 |1.07x107%
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cavity resonator: U,s = %1%, Ugans = +1x107%, whispering gallery mode resonator: U, = £0.1%, Urans = +92x1073.

Material Parallel plate 60 mm cavity Whispering gallery
f,GHz| & tand | f,GHz| &’ tand |f,GHz| & tan o
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